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ABSTRACT 

Three dimensional numerical experiments on the  s c a t t e r i n g  of 

noble gas atoms from s i n g l e  c r y s t a l  surfaces  of s i l v e r  are de- 

scr ibed.  

the  r e l a t i v e  importance o f  d i f fe ren t  var iab les  i n  the  in te rac t ions ,  

although it cannot be expected t o  give quan t i t a t ive  agreement with 

individual  cases u n t i l  a b e t t e r  knowledge of the  interatomic bind- 

ing energies and the  surface s ta te  i s  ava i lab le .  Most of the  cases 

a r e  f o r  neon on the  f c c  (111) surface,  but i s o l a t e d  cases of 

helium and argon on (111) and neon on (100) are included. The 

energies  include those of effusive molecular beams from 300°K 

t o  45,000"K equivalent source temperatures (.06 t o  7.8 ev) .  

Several in t e rac t ion  parameters describing mean energy and momentum 

exchanges and t r a c e s  of the s p a t i a l l y  resolved f l u x  i n  the  i n c i -  

dent plane are given f o r  most of the  cases.  Sample out-of-plane 

flux data  and some t y p i c a l  data on s p a t i a l l y  resolved energy are 

a l s o  given, and general  t r e n d s  f o r  t h e  rest of t he  data  are de- 

scr ibed.  The r e s u l t s  give trapping p r o b a b i l i t i e s  t h a t  are much 

greater than those infer red  from laboratory experience, and f l u x  

pa t t e rns  t h a t  a r e  s ign i f i can t ly  broader than those encountered i n  

the  experiments f o r  the  f e w  cases t h a t  can be compared d i r e c t l y .  

The neon t rends with increasing energy are q u i t e  s i m i l a r  t o  those 

of t he  Saltsburg and Smith experiments f o r  xenon, with new e f f e c t s  

This numerical method can be very use fu l  i n  determining 
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appearing i n  the  present r e s u l t s  f o r  energies higher than those of 

the  laboratory experiments. These new e f f e c t s  include mult iple  

peaks, one above and one below specular, and a broadening of t he  

pa t t e rns  with increasing incident energy. They are a t t r i b u t e d  t o  

increased r e so lu t ion  of the  surface atomic configurat ion due t o  

deeper pene t ra t ion  of the  po ten t i a l  f i e l d  above the  surface.  The 

t rends of the  Logan, Keck and Stickney hard cube theory are shown 

i n  t h e  present  r e s u l t s  a t  low incident  energy, and the  expected 

hard sphere l i m i t  behavior i s  observed a t  very high inc ident  

energy, i n  agreement w i t h  the recent  ca lcu la t ions  of Goodman. 
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Recent d e v e l c p e n t s  in  molecular beam and r e l a t e d  experimental 

techniques have made possible  t h e  measurement of spa t i a l  d i s t r i b u -  L 
U t i o n s  of f l u x  i n  gases r e f l ec t ed  from w e l l  character ized s o l i d  

sur faces .  

important technique f o r  constructing e p i t a x i a l  c r y s t a l  surfaces  as  

In p a r t i c u l a r  Saltsburg and Smith have developed an 

1 the  molecular beam experiment i s  ca r r i ed  out, and have been a b l e  

t o  achieve a moderate range of  energies  i n  t h e i r  incident  beam. 

A t  t he  same t i m e ,  severa l  techniques f o r  numerical computation of 

gas sur face  in t e rac t ions  a t  high incident  energies have been de- 

veloped by the  author and h i s   colleague^,^ by Goodman 

Erofeev, and more r ecen t ly  by Raff, Lorenzen, and McCoy.7 These 

methods have become q u i t e  complex, and r e f l e c t  most of the  known 

f ea tu res  of the  i d e a l  surface state;  but t h e i r  r e s u l t s  can be no 

b e t t e r  than the  poor q u a l i t y  of our knowledge of interatomic forces  

and real  surface configurations.  The g rea t e s t  value i n  numerical 

E 
9 

and 

6 

'3 
C 

experiments l ies i n  the  a b i l i t y  t o  vary parameters independently 

and thereby isolate  the  control l ing mechanisms i n  each in t e rac t ion  

regime. They a l s o  provide the a b i l i t y  t o  measure any desired 

property a t  any point  i n  the process without changing the  i n t e r -  

a c t i o n ,  a f ea tu re  t h a t  no laboratory experiment o f f e r s .  They f a i l  

t o  g ive  i n  t h e i r  numerical output t he  in s igh t  t h a t  is contained i n  

even t h e  crudest  a n a l y t i c a l  theory, so they must be supplemented 

1E' 
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by s i m p l e r  t heo re t i ca l  models i f  t h e i r  product i s  t o  be use fu l  

f o r  many d i f f e r e n t  cases. 

r e a l i t y  i n  the  bas ic  computer model, so  they must be cont inual ly  

reworked a f t e r  t e s t i n g  against  s u i t a b l e  laboratory experiments. 

Computation t i m e  i s  always a l imi t ing  fac tor ,  but recent  improve- 

ments i n  computing machinery have made possible  very de t a i l ed  

s tudies .  We now ge t  6 t r a j e c t o r i e s  p e r  minute on an I B M  360-75. 

They are a l s o  l imi ted  by the  lack  of 

Although a l l  the  published numerical methods can give r e s u l t s  

f o r  mean momentum and energy exchanges, only Goodman's method has 

here tofore  been ab le  t o  resolve th ree  dimensional t r a j e c t o r i e s  i n t o  

s p a t i a l  d i s t r ibu t ions .  However, s ince  h i s  ca lcu la t ions  deal  with 

a modified hard sphere model which portrays the  l i m i t  of very high 

energy, they have only l imited usefulness f o r  comparison with low 

and moderate energy data  from molecular beam sca t t e r ing .  

i n t e rpo la t ion  technique, we  have recent ly  been ab le  t o  produce 

s p a t i a l  d i s t r ibu t ions  of density,  mass f lux,  and energy f l u x  which 

q u a l i t a t i v e l y  represent  i n  t h r e e  dimensions the  r e s u l t s  of t r a j e c -  

t o r y  computations with as few as 50 t r a j e c t o r i e s  i n  a sample. 

technique has been appl ied t o  computation of the in t e rac t ion  of 

He,  N e ,  and A r  with A g  s ing le  c r y s t a l  surfaces .  The present 

model includes a modeling of thermal motion i n  the  c r y s t a l ,  a f i r s t  

approximation t o  t h e  e f f e c t s  of r e s t r a in ing  forces  i n  t h e  la t t ice ,  

an a t t e m p t  t o  portray the  interatomic po ten t i a l s  i n  a real is t ic  

form (a Lennard-Jones 6-12), and the correct l a t t i ce  s t r u c t u r e  f o r  

By a new 

This 
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an i d e a l  f cc  c r y s t a l .  W e  expect moderately good r e s u l t s  f o r  the  

computation down t o  an incident energy of a few ten ths  of an e V  

where, f o r  most combinations of gas and s o l i d  species,  t h e  prob- 

a b i l i t y  of trapping g e t s  very high, the  long c o l l i s i o n  times 

c r e a t e  ser ious  errors due t o  the  assumption of independent o s c i l -  

l a t o r s ,  and the  e r r o r s  i n  determining interatomic p o t e n t i a l s  be- 

come very important. 

8 The c l a s s i c a l  theory of Logan, Keck, and Stickney - of ten  

c a l l e d  the  hard cube theory - has enjoyed notable  success i n  ex- 

p la in ing  the  trends of ex is t ing  s c a t t e r i n g  data,  both i n  the  

spread cf the  sca t t e red  lobe and i n  the  d i r ec t ion  of t he  maximum. 

There a r e  t w o  bas ic  reasons f o r  t h i s ,  both having t o  do with the  

l imi ted  energy range of t he  present generation of "clean-surface" 

da t a .  In a l l  ex i s t ing  experimental cases, t he  mean thermal energy 

of a l a t t i c e  atom has been of the  same order as the  energy of t he  

inc ident  molecules, s o  t h a t  the v e r t i c a l  o s c i l l a t i o n s  of the  l a t -  

t i c e ,  which are c e n t r a l  t o  t h e  hard cube theory, are a l s o  the  most 

important e f f e c t  i n  the  sca t te r ing .  In  addi t ion,  s ince  there  i s  

i n s u f f i c i e n t  t r a n s l a t i o n a l  energy i n  the incident  molecule t o  

allow it  t o  pene t ra te  deeply i n t o  the  repuls ive  port ion of the  

interatomic po ten t i a l s ,  the  equipotent ia l  surface seen by t h e  in-  

c ident  p a r t i c l e  a t  i t s  grea tes t  penetrat ion of t he  po ten t i a l  f i e l d  

should be qu i t e  smooth. These fea tures  apparently combine t o  pro- 

duce a sca t t e r ing  pa t t e rn  that  i s  qu i t e  sharp and near t he  specular 
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d i r e c t i o n .  A s  the  r a t i o  of gas energy t o  l a t t i c e  thermal energy 

increases  from a low value, the lobes become sharper and l i e  

c lose r  t o  the  surface.  Two important po in ts  must not ,  however, be 

overlooked. Neither the  experiments nor the  o r i g i n a l  hard cube 

theory can determine the  f r ac t ion  of p a r t i c l e s  t h a t  i s  trapped on 

the  sur face  f o r  more than a few l a t t i c e  v ib ra t ion  periods; and the  

hard cube theory must use empirical adjustments i f  it i s  t o  de- 

s c r i b e  the  e f f e c t s  of s ca t t e r ing  from the  c r y s t a l  atomic s t ruc tu re ,  

e f f e c t s  which should become qui te  important a t  higher incident en- 

ergy, 
4 author and co-workers indicates  t h a t  trapping should have been 

the  predominant r e s u l t  i n  a l l  t he  data  of Sal tsburg and Smith f o r  

A r  

ca l cu la t ions  of Jackson' and Madix and Korus," each of whom used 

r a d i c a l l y  d i f f e r e n t  approaches. 

t rapping mode i n t o  the  hard cube theory, and f i n d  trapping prob- 

a b i l i t i e s  comparable t o  present  r e s u l t s  f o r  comparable values of 

E .  

son agree with our general  observation t h a t  a t  high Ei 

s c a t t e r e d  d i s t r i b u t i o n s  are q u i t e  broadly dispersed. 

theory 

r e t a i n  some memory of t he  incident d i r ec t ion .  

lobe shape and d i r ec t ion  with increasing Ei i n  t he  experiments 

i s  i n  the  opposite d i rec t ion ,  doubt has been c a s t  on the  v a l i d i t y  

Ei. Evidence from a large number of cases computed by the  

and the  heavier gases; these trends are corroborated by the  

Madix and Korus have introduced a 

In addition, the  t r a j ec to ry  ca lcu la t ions  of Goodman5 and Jack- 

the  9 

Erofeev's 

gives r e s u l t s  t h a t  a re  even more d i f fuse ,  although they 

Since the  t rend of 
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of many assumptions inherent i n  our t r a j e c t o r y  computations and 

those of the  other  authors c i ted .  

This paper  w i l l  show tha t  consideration of a l l  t he  mechanisms 

known t o  be important produces a set of s c a t t e r i n g  pa t t e rns  t h a t  

exh ib i t s  many of the  t rends of the  earlier experiments, except 

t h a t  t h e  laboratory experiments do not appear t o  show the  theo re t i -  

c a l l y  predicted high trapping p robab i l i t i e s ,  and give somewhat 

sharper peaks a t  low Ei. A t  t he  same t i m e  the  ca lcu la t ions  re- 

i n  a Ei produce the  h ighly  sca t t e red  cases expected f o r  high 

completely straightforward manner. Comparison with phenomenologi- 

c a l  models enables us  t o  v isua l ize  some of t he  dominant mechanisms 

i n  each case so  t h a t  some of the  reasons f o r  the  observed behavior 

can be understood. A p a r t i c u l a r l y  i n t e r e s t i n g  f ea tu re  of the  

present  r e s u l t s  i s  t h e  frequent occurrence of mult iple  lobes - a 

f e a t u r e  a l s o  noted by Jackson. 9 None of our a t t e m p t s  t o  explain 

t h i s  separat ion of lobes has been successful .  

TRAPPING AND ADSORPTION 

It i s  important t o  del ineate  the  r o l e  of the  trapped par t ic le  

i n  the  computations and i n  the experiments, p a r t i c u l a r l y  s ince 

trapping i s  such a common r e s u l t  i n  t he  theory. Although the  f o l -  

lowing points  have been discussed i n  our previous papers  

11 severa l  o thers  (notably Goodman ), t he re  are spec ia l  fea tures  t o  

be emphasized here .  

4 and by 
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W e  use t h e  t e r m  "trapping" t o  denote the  process by which a 

p a r t i c l e  l o ses  i t s  a b i l i t y  t o  escape from the  la t t ice  without 

f i r s t  acquir ing addi t iona l  energy from the  thermal motion of t he  

l a t t i c e .  Thermal motion may a l s o  have a s u b s t a n t i a l  e f f e c t  on un- 

trapped p a r t i c l e s ,  the  dis t inguishing f ea tu re  being the  temporary 

s t a t e  of negative t o t a l  energy f o r  those t h a t  a r e  trapped. 

subsequent reemission of t he  trapped p a r t i c l e  then becomes a prob- 

l e m  i n  desorption mechanics. W e  t r a d i t i o n a l l y  assume, somewhat 

a r b i t r a r i l y ,  t h a t  the  ult imate s t a t e  of reemission of a trapped 

p a r t i c l e  w i l l  be Maxwellian a t  t he  surface temperature, and t h a t  

the  n e t  energy exchanged w i t h  t he  la t t i ce  must account fo r  the  

energy of reemission of the  trapped f r ac t ion .  W e  have included 

t h i s  contr ibut ion ( a l o s s  by the w a l l  of 2kT pe r  atom) i n  the  

r e s u l t s  f o r  energy transmitted t o  the  l a t t i c e ,  

t a n t  t o  note t h i s ,  s ince  many appl ica t ions  of i n t e r e s t  do not 

allow reemission, and a p p r o p r i a t e  cor rec t ions  must be made. In  

a l l  t he  momentum coe f f i c i en t s  we  quote, the  trapped f r a c t i o n s  have 

been excluded, so  t h a t  we are  deal ing only with those p a r t i c l e s  

t h a t  a r e  not  trapped (although they may have h i t  many l a t t i c e  

atoms i n  t h e i r  encounters with the  w a l l ) .  

The 

W 

EQ. It i s  impor- 

A s  t o  t he  mechanism of trapping, w e  can e a s i l y  v i sua l i ze  an 

acce le ra t ion  by the  a t t r a c t i v e  f i e l d  of t he  l a t t i c e ,  followed by a 

primary s c a t t e r i n g  co l l i s ion .  I f  the  energy equivalent of the  

normal momentum a f t e r  the  co l l i s ion  ( i . e . ,  pz/2m) is  not  
2 
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s u f f i c i e n t  t o  overcome the  a t t r a c t i v e  e f f e c t  of the  l a t t i c e ,  the  

p a r t i c l e  w i l l  be condemned t o  a second s c a t t e r i n g  c o l l i s i o n .  

cep t  f o r  those cases i n  which 

be eventual ly  trapped. The binding energy r a t i o ,  €/Ei,  t he  

angle  of incidence, Oi, the  mass r a t i o ,  CJ., and the  w a l l  t e m -  

pera ture  r a t i o ,  kTw/Ei, a l l  play major ro les  i n  t h i s  process. 

Ex- 

kTw >> E, most such p a r t i c l e s  w i l l  

The r o l e  of trapping i n  the  molecular beam experiments of 

1 Sal tsburg and Smith poses an e spec ia l ly  d i f f i c u l t  and important 

question. Their phase-sensit ive de tec tor  does not de tec t  p a r t i -  

c l e s  with long residence times on the  surface,  and they have not 

been ab le  t o  i n t e g r a t e  t h e i r  e x i t  f l u x  over the  e n t i r e  e x i t  hemi- 

sphere. Since it would be unreasonable t o  expect any l a rge  f r ac -  

t i o n  of t he  trapped p a r t i c l e s  t o  r e t a i n  memory of t h e i r  incident  

s t a t e ,  and s ince  lobes i n  the  specular region are always present  

on f r e s h l y  deposited surfaces, Saltsburg and Smith i n f e r  from t h e  

q u a l i t a t i v e  nature  and the  levels  of t h e i r  s igna l s  t h a t  trapping 

i s  no t ’  t he  dominant r e s u l t  i n  any of t h e i r  experiments. 

question i s  relevant  t o  the comparisons with a l l  theor ies  t h a t  

include trapping, and merits fu r the r  study. 

This 

SCATTERING CALCULATIONS 

The numerical computations of gas-surface in t e rac t ion  d i s -  

cussed here  w e r e  conducted i n  t h r e e  par ts .  The f i r s t  was the  com- 

puta t ion  of the  atomic t r a j e c t o r i e s  themselves, ca r r i ed  out by 

7 



numerical i n t eg ra t ion  of t he  classical  equations of motion i n  

th ree  dimensions f o r  a family of point-mass sources of po ten t i a l ,  

which a r e  d i r ec t ed  toward a model c r y s t a l  surface.  

cases were done on an LBM 7094, some on an IBM 360-75. Figure 1 

shows the  coordinate system. The aiming poin ts  of the  individual  

t r a j e c t o r i e s  are uniformly d i s t r ibu ted  over a u n i t  c e l l  surface.  

Although severa l  opt ional  models are ava i l ab le  wi th in  the  same. 

computer program, a l l  the  resu l t s  i n  t h i s  paper w e r e  produced by 

using f c c  (111) and a few (100) configurat ions of l a t t i c e  atoms, 

monatomic gas molecules, ac t ive  thermal motion i n  t h e  l a t t i c e ,  

random d i s t r i b u t i o n s  of incident azimuth angle 

t r a j e c t o r y  computations the  c r y s t a l  w a s  r o t a t e d  r e l a t i v e  t o  t he  

inc ident  beam about the  surface normal through an a r b i t r a r y  angle) .  

The computations are based on t h e  assumption t h a t  each of the  50 

or  98 l a t t i c e  atoms considered o s c i l l a t e s  independently of i t s  

neighbors. The i so t rop ic  l a t t i c e  forces  are assumed t o  be those 

of l i n e a r  spr ings,  and the na tura l  frequency is  estimated as the  

highest  c h a r a c t e r i s t i c  frequency i n  the  Debye spectrum of the  

s o l i d .  The model f o r  thermal motion imposes i d e n t i c a l  energies i n  

each independent d i r ec t ion  ( i . e . ,  x, y, z )  f o r  each l a t t i ce  

o s c i l l a t o r .  Each phase angle i s  randomly se lec ted ,  which gives us 

a complete equ ipa r t i t i on  and random motion but  a thermodynamically 

naive model. 

where. 

Some of t he  

( i . e . ,  between 'i 

Additional computational d e t a i l s  may be found else- 

4 The output i s  i n  the form of a sca t t e red  sample of gas 



atoms, some of which may become trapped, with t h e i r  e x i t  veloci-  

t ies  described by t h e i r  speed  and t h e i r  e x i t  angles measured as 

i n  Fig.  1. In t h i s  paper w e  w i l l  r e f e r  t o  (p a s  measured from 

the plane of incidence when discussing the  r e s u l t s ,  i n  r e a l i t y  

deal ing with qexit - Ti. 

The second p a r t  of the  over-al l  computation employs the  re- 

s u l t s  of the  s c a t t e r i n g  calculat ion t o  generate a spa t i a l  d i s -  

t r i b u t i o n  of r e f l e c t e d  atoms from the  f i n i t e  number of t r a j e c -  

t o r i e s  ca lcu la ted  f o r  a given case. F i r s t ,  the  f r a c t i o n  of 

trapped p a r t i c l e s  is  recorded and these p a r t i c l e s  are discarded 

from the  sample. 

f i c i a l l y  generated twin located a t  those e x i t  coordinates t h a t  

are symmetric with respect  t o  t he  plane of incidence. 

t r a j e c t o r y  i s  replaced by a d i s t r ibu t ion  function f ( Q ,  'P) t h a t  

expresses the  probabi l i ty  of f inding t h a t  p a r t i c l e  a t  a p a r t i c u l a r  

e x i t  coordinate ( e ,  (p). Each molecular t r a j e c t o r y  i n  the  e x i t  

d i s t r i b u t i o n  thus represents  the  f i n a l  state of an i n f i n i t e  popu- 

l a t i o n  of incident  p a r t i c l e s  uniformly d i s t r i b u t e d  over a non- 

r e p e t i t i v e  subunit of the  surface.  

subunits comprises a r e p e t i t i v e  u n i t  of the  surface,  w e  generate 

one t r a j e c t o r y  f o r  each of the  N aiming points  on a uniform g r i d  

spaced over t he  smallest repeating dimension of the  l a t t i c e  s t ruc-  

t u r e .  

t h a t  it does not s h i f t  with changes i n  azimuth angle.  

Second, each t r a j e c t o r y  i s  matched by an a r t i -  

Third, each 

Since a complete set of these 

The aiming point g r id  is  so  f ixed r e l a t i v e  t o  the  c r y s t a l  

I f  w e  a i m  
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a t  the  g r i d  point  with i n i t i a l  conditions spec i f ied  a t  i n f i n i t y ,  

w e  do not,  i n  general ,  contact t h e  l a t t i ce  a t  the  aiming point,  

but f i n d  ins tead  t h a t  randomness i s  introduced by the  long-range 

forces  from the  semi- inf in i te  c r y s t a l  ( these forces  are included 

i n  the  t r a j e c t o r y  computations), by thermal motion of the  l a t t i c e ,  

by the  randomly se l ec t ed  (pi, 

s c a t t e r e d  angle r e s u l t i n g  from change i n  aiming point and approach 

angle .  

mean in t e rac t ion  parameters tha t  a r e  not too s e n s i t i v e  t o  small 

changes i n  aiming point  (i.e., t h e  incident  p a r t i c l e s  have l a r g e  

e f f e c t i v e  diameters).  

and by the  (unknown) change i n  

From experience, 4'5 we f ind  t h a t  t h i s  procedure y ie lds  

Lacking a complete knowledge of the  d i s t r i b u t i o n  function f o r  

each subunit, w e  assume t h a t  the p r o p e r t i e s  of the  r e s u l t i n g  tra- 

j e c t o r i e s  are the  mean propert ies  f o r  t he  corresponding subunit 

t r a j e c t o r i e s ,  and t h a t  the  subunit t r a j e c t o r i e s  are normally d i s -  

t r i b u t e d ;  v i z . ,  

-1 2 
j J 

f ( e ,  'P) = AV exp(-Bz.) , 

where z is  the  g rea t - c i r c l e  a r c  between (ej ,  qj) and (e, 9) 
j 

on t h e  u n i t  hemisphere centered a t  the  or ig in ,  and v i s  the  

r a t i o  of the  e x i t  ve loc i ty  of the  

j 

j th p a r t i c l e  t o  the  incident  

ve loc i ty  of a l l  of t he  pa r t i c l e s .  The r e l a t ionsh ip  between parame- 

ters A and B i s  determined by requi r ing  the  f r a c t i o n  of the  

incident  flux t h a t  e x i t s  in  a u n i t  s o l i d  angle t o  have a mean value 

10 



of u n i t y  when 

sample of N 

averaged over the e n t i r e  e x i t  hemisphere. 

p a r t i c l e s  w i t h  a s u f f i c i e n t l y  good reso lu t ion  ( i . e . ,  

For  a 

l a r g e  N ) ,  t h i s  ca lcu la t ion  becomes 

where c represents  the  g rea t - c i r c l e  a r c  from the  d i r ec t ion  

(ti jY cpj) t o  (0, 9) 

The form of E q .  (2) normalizes f so  t h a t  i t  expresses the  

dens i ty  d i s t r i b u t i o n  function pe r  u n i t  s o l i d  angle.  

t r i b u t i o n  per  u n i t  s o l i d  angle q ( 6 ,  v) i s  then given by 

The f lux  d i s -  

j-1 

where 

z = cos-'[cos 0 cos 0 + s i n  8 s i n  8 j cos(cp - c p j ) ]  j j 

and 

B = N / 2 7 r t  . 
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The parameter 4 i s  an a r b i t r a r i l y  chosen reso lu t ion  constant .  

A s  4 increases ,  t h e  resu l t ing  d i s t r i b u t i o n  becomes smoother and 

reso lu t ion  decreases.  Freedom i n  the  choice of 4 is  analogous 

t o  freedom of choice i n  the  s i ze  of c e l l s  i f  w e  were t o  construct  

a d i s t r i b u t i o n  function by counting t r a j e c t o r i e s  i n  each of a 

l a r g e  number of cells  on the e x i t  sphere, a procedure f o r  which 

the  e x i s t i n g  number of t r a j e c t o r i e s  is  hopelessly inadequate. The 

value of 4 used here  ( 4  = 2.0) has been chosen so t h a t  a uni-  

form spacing of N p a r t i c l e s  over 277 steradians produces a f luc -  

t ua t ion  i n  q 

percent .  Somewhat higher reso lu t ions  could be employed, but they 

would give r ise t o  f a l s e  f luc tua t ions  i n  sparsely populated re- 

over t he  e x i t  hemisphere of no more than a few 

g ions.  

The test  of t h e  method is  i t s  a b i l i t y  t o  reproduce the  gen- 

eral  character  of t he  d i s t r ibu t ion  as addi t iona l  cases with the 

same input  var iables  a r e  added. Reproducibil i ty va r i e s  with many 

f ac to r s ,  of which by f a r  the  most important i s  the  number of tra- 

j e c t o r i e s  i n  the  sample. 

have been t r i e d ,  with r e s u l t s  ranging from poor t o  exce l len t .  

q u a l i t a t i v e  na ture  of the d i s t r ibu t ions  i s  reproducible f o r  s a m -  

p l e s  of 50 or  more t r a j e c t o r i e s  i n  most cases tes ted ,  but quanti-  

t a t i v e  reproducib i l i ty  cannot be expected u n t i l  sample  s i ze s  are 

w e l l  i n  excess of 100. Some of the  poorer cases t e s t e d  are shown 

i n  Fig.  2,  which a l s o  shows independent ( i . e . ,  d i f f e r e n t  sets of 

random variables)  sets of 50 t r a j e c t o r i e s  and t h e i r  combination. 

Many combinations of s t a t i s t i c a l  samples  

The  

1 2  



There i s  a general  tendency fo r  r ep roduc ib i l i t y  t o  improve 

--: ,,,h 4- increUUc acing Ei. This i s  due p a r t l y  t o  g rea t e r  y i e ld  ( i . e . ,  

trapping no longer reduces the number of usable p a r t i c l e s ) ,  and 

p a r t l y  t o  increased d i r e c t i v i t y .  The d i s t r i b u t i o n s  are never as 

widely dispersed as when they a r e  thermally sca t t e red  a t  very l o w  

. Increased dispers ion leads t o  a less r e l i a b l e  l o c a l  value f o r  Ei 

each of the  moments. 

All the  r e s u l t s  shown i n  Figs .  3 through 15 w e r e  derived from 

samples of 50 o r  more, except f o r  N e  a t  22,400 and 44,800°K, 

which w e r e  derived from 32.  Note t h a t  t he  present s p a t i a l  d i s -  

t r i b u t i o n  da ta  cannot be expected t o  g ive  quan t i t a t ive ly  r e l i a b l e  

r e s u l t s .  The t rends with changes i n  conditions,  t he  general  char- 

a c t e r  of the  d i s t r ibu t ions ,  and the  mean values of i n t e rac t ion  

parameters f o r  given incident states are the  only kinds of informa- 

t i o n  t h a t  we  can expect t o  have quan t i t a t ive  r e l i a b i l i t y ,  and then 

only a t  higher energy l eve l s .  

In t he  t h i r d  s t e p  of the over -a l l  inves t iga t ion  w e  appl ied t h e  

r e s u l t s  of phenomenological analysis  t o  the  same input conditions and 

compared f r ac t ions  trapped and energy exchanged. 

have been described i n  our previous papers. 

shown i n  Figs.  3 and 4 .  

model f o r  momentum d i s t r ibu t ions  shown i n  Figs .  5 through 7, although 

These procedures 

4 The r e s u l t s  a r e  

Note t h a t  as y e t  t he re  i s  no co r re l a t ing  

5 Goodman 

l i m i t .  

presents  some cor re la t ions  f o r  momenta i n  t h e  hard sphere 
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SELECTION OF TEST CONDITIONS 

We chose t o  perform some of our ca lcu la t ions  under the  experi-  

mental conditions employed by Saltsburg and Smith .' 
data  of Hinchen and Shepherd 

Although the  

are exce l len t ,  they o f f e r  only con- 2 

d i t i o n s  of 300°K incident  gas temperature, and as w e  show below, 

the  high trapping probabi l i ty  encountered i n  the  ca lcu la t ions  f o r  

l o w  Ei makes it d i f f i c u l t  t o . t r e a t  these  cases d i r e c t l y  with our 

method. Other published da ta  use polycrys ta l l ine  and/or d i r t y  

surfaces .  Of the  data  published by Saltsburg and Smith, the  most 

trustworthy surfaces  appear t o  be  the  e p i t a x i a l l y  grown Ag (111) 

surfaces  used with the  noble gases. Because the  interatomic po- 

t e n t i a l  parameters are not known and the  incident  beam contained a 

d i s t r i b u t i o n  of energies  with a most-probable value of 2kTi in-  

s tead  of a monoenergetic beam, w e  should not  expect more than 

q u a l i t a t i v e  agreement between t h e  experimental s c a t t e r i n g  pa t t e rns  

and t h e  r e s u l t s  from our computer experiments, even i f  the  model 

were pe r fec t .  

se r ious  e r r o r s  due t o  the  inaccuracy of the  independent-oscil lator 

l a t t i ce  model employed fo r  these ca lcu la t ions  (un", is  of ten  

much g rea t e r  than un i ty ) ,  as w e l l  as t o  the  importance of the  l a t -  

t i c e  thermal motion, which i s  only crudely portrayed i n  the  present 

model. 

cause of quantum e f f e c t s .  Ei = 2kTi 

f o r  each case and have f ixed the surface temperature a t  t he  value 

A t  t he  low energies used here,  w e  may a l s o  encounter 

The low energy helium case i s  probably a l s o  i n  e r r o r  be- 

We have employed a constant 
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used t o  ensure epitaxial  growth (560°K) i n  t h e  experiments. The 

l a t t i c e  s t r u c t u r e  used i n  most cases was f cc  (ill), and two 

values f o r  t h e  Debye temperature w e r e  se lec ted  t o  determine the  

s t rengths  of l a t t i ce  res tor ing  forces .  

t he  accepted bulk value fo r  Ag of 225"K, while i n  o thers  w e  

followed the r u l e  f o r  surface cor rec t ions  t o  Debye temperatures 

advanced by Lyon and Somorjai,12 namely, t h a t  t he  surface region 

In some cases  we employed 

has a Debye temperature value very near one-half t h a t  of t h e  bulk. 

This a l t e r a t i o n  may have a subs t an t i a l  e f f e c t  i n  some dynamic 

ranges s ince  the  exponent t ha t  portrays the  e f f e c t  of r e s to r ing  

fo rces  i n  the  model equations4 w i l l  decrease by a f ac to r  of 4, 

which leads t o  a l a rge r  predicted energy exchange i n  the  primary 

c o l l i s i o n  with the  surface,  and a corresponding decrease i n  the  ex- 

pected normal momentum recovery a t  the  surface.  

thermal v e l o c i t i e s  of the  surface atoms. 

It a l s o  a f f e c t s  

There are no known methods o r  data  fo r  determining bes t  values 

of the' parameters i n  the  Lennard-Jones p o t e n t i a l .  

2 kcal/mole (0.087 ev) 

atomic bond, 0.027 e V  fo r  Ne-Ag, and 0.0074 f o r  He-Ag, es- 

timates whose accuracy we  have no way of assessing.  The va r i a t ion  

with gas spec'ies i s  probably exaggerated i n  our estimates s ince  w e  

have made the  atom-atom bonding energies (E) proport ional  t o  the  

corresponding values fo r  homogeneous (e.g., Ar-Ar) in te rac t ions ,  

i n s t ead  of employing the  usual geometric-mean combining r u l e .  

We have chosen 

a s  a representa t ive  value f o r  the  Ar-Ag 

13 

We 
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We have used 3.10, 2.80, and 2.68i f o r  t he  corresponding 

Lennard-Jones in te rnuc lear  diameters, 0, i n  each of t he  noble 

gas in t e rac t ions  with Ag atoms. It i s  indeed unfortunate t h a t  

w e  know of no b e t t e r  data for  these  po ten t i a l s ,  s ince  they may be 

producing s i g n i f i c a n t  e r r o r s  i n  predicted r e s u l t s .  Two cases f o r  

neon a t  300°K have been run with g r e a t l y  reduced interatomic 

binding energies t o  assess  the p o s s i b i l i t y  t h a t  the  assumed values 

may be i n  e r r o r .  It may be possible  i n  the  f u t u r e  t o  i n f e r  b e t t e r  

interatomic p o t e n t i a l s  by comparing the  present ca lcu la t ions  with 

experiments. The accepted bulk value of 4 . 0 d  w a s  used f o r  t h e  

l a t t i c e  spacing (i.e.,  the  edge of a u n i t  cube). 

Many d i f f e r e n t  input conditions have been s tudied fo r  the  

noble gases He, N e ,  and A r  incident  on s ing le -c rys t a l  Ag 

surfaces  t h a t  w e r e  maintained a t  560°K. Most of these have in-  

volved N e ,  which b e s t  f i t s  t he  assumptions of the  theory and the  

behavior of the  computation a t  thermal energies.  Since i n  low 

energy cases trapping was  qu i te  l i k e l y ,  a very large number of 

incident  t r a j e c t o r i e s  w a s  s o m e t i m e s  necessary t o  ge t  a s t a t i s t i c a l l y  

meaningful number of r e f l ec t ed  trajectories.  Two cases of N e  on 

Ag (100) w e r e  s tudied a t  

face  s t r u c t u r e  r e l a t i v e  t o  the  (111) surface used i n  the balance 

of the  cases .  

5600°K t o  examine the  importance of sur- 
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RESULTS 

The p robab i l i t y  of trapping f o r  many of the  cases i s  shown i n  

F ig .  3 .  Although t h i s  behavior i s  typ ica l  of t h a t  described i n  p r e -  

vious t h e o r e t i c a l  treatments of gas-surface in t e rac t ions ,  

i s  i n  d i r e c t  c o n f l i c t  with the inferences drawn by the  various ex- 

perimenters, i n  p a r t i c u l a r  Saltsburg and Smith. 

4,5,9 it 

1 

With t h i s  exception, the mean values of i n t e rac t ion  parameters 

shown i n  Figs.  3 through 7 do not  r e f l e c t  anomalous behavior. The 

m o s t  notable  f ea tu re  i s  the  q u a l i t a t i v e  agreement between trapping 

p robab i l i t y  and energy exchange as predicted4 and a s  found i n  the  

Dresent numerical experiments. None of the present data  w a s  used 

i n  formulating the  predict ion equations.  The predict ions ind ica t e  

q u i t e  a sharp change from pos i t ive  t o  negative energy exchange a t  

T i  - - Tw’ a change t h a t  is r e f l ec t ed  w e l l  i n  the r e s u l t s  (Fig. 4 ) .  

The data  f o r  various incident angles (Fig. 7) ind ica te  t h a t  t he  

pred ic ted  minimum f o r  energy t ransmit ted t o  the  l a t t i c e  (Ej/Ei) 

a t  an inc ident  angle of about 

t h e  da t a ,  The increase a t  angles of more glancing incidence i s  

due t o  the  increasing e f f e c t  of the  a t t r a c t i v e  po ten t i a l ,  while 

t h a t  a t  more normal angles i s  due t o  the  more d i r e c t  c o l l i s i o n s .  

130 degrees i s  a l s o  suggested by 

The most important feature i n  the  spa t ia l  d i s t r i b u t i o n  r e s u l t s  

i s  a tendency t o  divide i n t o  separate modes of s c a t t e r i n g  f o r  high 

and low incident  energy. 

are cons is ten t  with experimental observations and the  predict ions 

The low-energy mode shows t rends t h a t  
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of the Logan-Stickney-Keck hard cube theory.  The lobes become 

8 
I 

broader and usua l ly  move closer  t o  the  surface normal as Ei de- 

creases (see Fig. 8, and compare with Fig.  6 of Ref. 1). This w e  

c a l l  "thermal sca t te r ing"  because it i s  generated pr imari ly  by 

thermal o s c i l l a t i o n s  i n  the  ta rge t  l a t t i ce ,  which are r e l a t i v e l y  

more important a t  low E./kT. 

s i t e  trend, namely t h a t  t he  d i rec t ion  of maximum i n t e n s i t y  moves 

The high-energy mode gives  an oppo- 
1 

away from the  surface (toward t h e  normal), and the  lobe becomes 

more broadly sca t t e red  as E increases .  We c a l l  t h i s  behavior i 

s t r u c t u r e  sca t te r ing ,"  because it  is ,  w e  bel ieve,  a r e s u l t  of t h e  I 1  

increased apparent roughness of the atomic configuration of t h e  

surface a s  the  penetrat ion of the surface po ten t i a l  f i e l d  becomes 

g r e a t e r  with increased energy. The ne t  r e s u l t  of these  competing 

mechanisms i s  not  e a s i l y  described, espec ia l ly  i n  v i e w  of the  

s t a t i s t i c a l  f l uc tua t ions  that a r e  known t o  be p r e s e n t .  Figures 8 

and 9 show the f lux  pa t t e rns  in  the plane of incidence f o r  two 

d i f f e r e n t  Debye temperatures a t  130" incident  angle and several 

energy levels. Since t h e  magnitudes of t he  f lux  maxima decrease 

as the r e f l e c t e d  lobes become more broadly sca t t e red  both i n  and 

out of t he  incident  plane, we g e t  from these  r e s u l t s  a rough over- 

a l l  v i e w  of t he  in te rac t ions .  Figures 10 and 11 show the  corre-  

sponding information p lo t t ed  as  a function of incidence angle f o r  

two incident  energies .  Figure 2 shows that a l t e r n a t i v e  samples 

could have made these t rends appear even more s t rongly.  

5 
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I n  most of t h e  cases f o r  moderately high Ei w e  f i nd  i n  

a s ing le  sca t t e r ing  pa t t e rn  a t  least  ves t iges  of two separa te  f lux  

maxima i n  t h e  plane of incidence, one of these usua l ly  lying above, 

the  o ther  below t h e  specular ray.  These maxima may be c a l l e d  

"rough" and "smooth" sca t te r ings ,  s ince  they appear  t o  correspond 

t o  d i f f e r e n t  classes of c o l l i s i o n  with the surface atoms. The 

rough" peak represents  a grea te r  def lec t ion  from the o r i g i n a l  11 

d i r e c t i o n  of motion and i s  usual ly  accompanied by a g rea t e r  degree 

of energy exchange. W e  should expect t h i s  behavior 

of small impact parameters or  m u l t i p l e  co l l i s ions .  

peak represents  a more glancing in te rac t ion ,  typica 

t o  be typ ica l  

The "smooth" 

of l a rge r  

impac t  parameters, and it usual ly  r e s u l t s  i n  a smaller energy ex- 

change. Sometimes one peak completely dominates t h e  other ;  some- 

t i m e s  addi t iona l  maxima are observed. But the tendency of t he  

maxima t o  f a l l  i n t o  two d i s t i n c t  c lasses  within a s i n g l e  case i s  

q u i t e  s t rong.  No sa t i s f ac to ry  explanation f o r  t h i s  behavior has 

ye t  been discovered, although the re  appears t o  be some connection 

between the  rough peak and the s t r u c t u r e  sca t t e r ing  as w e l l  as be- 

tween the smooth peak and thermal sca t te r ing .  No evidence of t h i s  

behavior i s  present i n  the experimental data  ava i lab le  t o  date ,  

nor i s  t h i s  behavior strongly indicated i n  the  present  r e s u l t s  i n  

instances i n  which E 

of t he  experiments. I 

i s  e i the r  extremely high o r  within t h e  range of i 

It was postulated t h a t  these peaks were t h e  product of some 

p a r t i c u l a r  l a t t i c e  configuration or  or ientat ion.  A case w a s  s tudied 
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which could a l s o  be handled by the  Jackson approach, 9 namely i n t e r -  

ac t ion  with the  Ag (100) surface.  This involved two cases, one 

with a t y p i c a l  set of random azimuth angles 

the  incident  planes para l le l  t o  t h e  d i r ec t ion  of c l o s e s t  packing 

on t h e  (100) face.  It i s  evident from Fig.  12  t h a t  m u l t i p l e  peaks 

a r e  t o  be expected f o r  a broad range of geometries. 

((pi), t he  other  with 

The s c a t t e r i n g  of H e  and A r  present some i n t e r e s t i n g  con- 

t r a s t s  with the  N e  cases.  The high ve loc i ty ,  low binding energy, 

and small s i z e  of the  He a t o m  make it a c t  l i k e  a very high energy 

N e  atom, while t he  opposite e f f e c t s  make A r  a c t  l i k e  a lower 

energy N e  atom. The hard-sphere mass r a t i o  e f f e c t  clouds t h i s  

s i m p l e  p i c tu re  considerably, but it i s  s t i l l  a usefu l  r u l e .  Out-of- 

plane s c a t t e r i n g  of He is  grea te r  than t h a t  of high energy N e ,  

because the  former resolves  the l a t t i c e  s t r u c t u r e  b e t t e r ;  conversely, 

high energy A r  i s  more closely confined t o  t h e  incident  plane 

than i s  low-energy N e .  An important caveat must be at tached t o  

the  H e  data,  v iz . ,  t h a t  they are i n  the  range where quantum e f -  

f e c t s  may predominate. I f  they do, the  v a l i d i t y  of these da ta  i s  

dubious a t  b e s t .  Figure 13 shows two in-plane f l u x  pa t t e rns  f o r  

H e  and f o r  t he  only A r  case i n  which the  untrapped f r a c t i o n  w a s  

l a r g e  enough t o  give a sca t t e r ing  pa t t e rn .  We could not reproduce 

any data  f o r  X e  , because trapping would have been complete. 

The amount of information . t ha t  can be ex t rac ted  from each 

case i s  so  g rea t  t h a t  it is impossible t o  present a l l  of i t .  Addi- 
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t i o n a l  f ea tu re s  t h a t  are most i n s t r u c t i v e  are the  r e l a t i v e  broad- 

ness  of the  lateral  sca t te r ing  and the  r e l a t i v e  energy a t  var ious 

e x i t  angles.  A s  a gross  general izat ion,  it may be s t a t e d  f o r  

e .  < 140" t h a t  most lobes are  l o c a l l y  near ly  symmetric about an 
1 

a x i s  through t h e i r  maximum, even f o r  multilobe pa t t e rns .  There i s  

a tendency toward g rea t e r  out-of-plane s c a t t e r i n g  as 8 increases,  i 

giving a roughly constant l a t e r a l  momentum pa t t e rn  (see Figs.  6 and 

7 ) .  Both in- and out-of-plane broadness i s  therefore  crudely ind i -  

ca ted  by the  relative ampl i tude  of each maximum. Figure 14 shows 

one of the  cases fo r  which t h i s  r u l e  w a s  least  appl icable .  The 

indicated ve loc i ty  spectrum i s  f a r  more complex, showing new types  

of va r i a t ions  almost every t i m e  a new case i s  introduced, but the  

r e l a t i v e  magnitudes of veloci ty  within a s c a t t e r i n g  ,pa t t e rn  do not  

change as d r a s t i c a l l y  as do the f lux  magnitudes. The c l e a r e s t  

t rends  i n  e x i t  ve loc i ty  occur a t  t he  high and low extremes of in-  

c ident  energy. One high and two intermediate energy cases are 

shown Fn Fig. 15. At high Ei, the  energy t r a n s f e r  c o r r e l a t e s  

f a i r l y  w e l l  with the  angle through which the  incident  r ay  has been 

turned, which tends t o  give a maximum energy t r a n s f e r  f o r  a maximum 

de f l ec t ion  (back toward the  incident) and a minimum t r a n s f e r  a t  

minimum de f l ec t ion  (along the sur face) .  The out-of-plane s c a t t e r -  

ing follows near ly  the  same curve. This behavior s t rongly  supports 

a hard-sphere l i m i t  behavior such as would be expected' a t  h i g h  E i 
2 (Ea/Ei =: cos +, where + is  the  angle through which the  

ve loc i ty  i s  def lec ted) .  A t  low Ei/kTw, we  f i n d  t h a t  t he  g r e a t e s t  

2 1  



energy t r a n s f e r  (now from the  l a t t i c e  t o  the  gas atom) occurs f o r  

those atoms e x i t i n g  near  the  surface normal, while i n  some cases 

those e x i t i n g  nearer  t he  surface tangent a c t u a l l y  l o s e  energy. In 

t h i s  range the re  i s  a systematic change i n  energy t r a n s f e r  with 

each increase i n  9. The 700 and 2800" cases of Fig.  15 a r e  

hybrids of both types, typ ica l  of intermediate energies .  

W e  have been a b l e  t o  produce successful  computations f o r  only 

t h r e e  cases presented by Saltsburg and Smith: He a t  300 and 

1400°K and N e  a t  300°K; a l l  a t  130" incidence ( i . e . ,  50 de- 

grees  from the  normal). They have found He specular "at a l l  in- 

c ident  angles and temperatures," and show a very sharp specular 

t r a c e  a t  300'K. W e  f ind  a two-lobe pa t t e rn  (one of them specular,  

the  other  more normal) which i s  q u i t e  broad a t  both 300 and 1400°K. 

One might explain t h i s  disagreement by r e c a l l i n g  t h a t  de Broglie 

wavelengths fo r  H e  (300°K) a r e  about 0 . 6 ,  or  d e f i n i t e l y  s ig -  

n i f i c a n t  compared t o  c o l l i s i o n  lengths  on the  l a t t i c e ,  which accord- 

ing to '  our previous determinations4 might be as l o w  as .3w. Helium 

a t  1400°K and neon a t  300°K (both have A - .35%.) are less 

e a s i l y  explained away. Saltsburg and Smith show a N e  t r a c e  t h a t  

has a half-amplitude width of about 35 degrees 

plane; our value i s  about 76 degrees (see Fig. 16) .  Their peak 

i s  about 5 degrees below the specular ( i . e . ,  toward t h e  normal) ; 

ours about 20 degrees below., Although t h i s  disagreement r a i s e s  

many questions, it c e r t a i n l y  i s  not  alarming i n  view of the  enormous 

i n  the  incident  
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v i o l a t i o n  of t he  range of v a l i d i t y  t h a t  w a s  necessary f o r  t he  ca l -  

cu la t ions  needed t o  produce the r e s u l t s .  Before a f i n a l  judgment 

i s  made on e i t h e r  theory o r  experiment, a much g rea t e r  overlap of 

appl icable  conditions must be ava i l ab le .  

Despi te  t he  pauci ty  of  corresponding cases, it may be usefu l  

t o  pos tu l a t e  causes f o r  t he  observed disagreement t h a t  would y e t  

be cons is ten t  with the  fea tures  t h a t  do agree between theory and 

experiment. 

mate of the  gas-sol id  interatomic binding energies .  This over- 

estimate would a l s o  explain the discrepancy i n  trapping probabi l i -  

The most probable of these causes i s  a gross overes t i -  

t ies between experiment and calculat ion.  

s i b i l i t y  i n  two  addi t iona l  runs f o r  neon i n  which the  Lennard-Jones 

binding energies a r e  a r b i t r a r i l y  reduced by f a c t o r s  of 5 and 10 

from t h e i r  o r i g i n a l l y  assumed values of 0.027 e V .  The r e s u l t s  

shown i n  Fig. 16 ind ica te  tha t  a la rge  reduction i n  E might make 

the  ca lcu la t ions  more r e a l i s t i c ,  but t h i s  comparison involves too 

much adjustment t o  be conclusive. 

W e  have explored t h i s  pos- 

CONCLUSIONS 

Although the  computational requirements of our numerical ca l -  

cu la t ions  have demanded that w e  use smaller samples  than des i rab le ,  

w e  think t h a t  it i s  possible with the  present i n t e rpo la t ion  tech- 

nique t o  draw conclusions as t o  the  gross c h a r a c t e r i s t i c s  of spa- 

t i a l  d i s t r i b u t i o n s  of r e f l ec t ed  molecules. We a n t i c i p a t e  t h a t  

23 



c 
I 
= 

1 
- E 

f u t u r e  experiments w i l l  provide guidel ines  f o r  improving t h i s  type 

of calculat ion,  i n  pa r t i cu la r  by providing b e t t e r  ind ica t ions  of 

interatomic binding energies  and actual  surface configurations.  

The c o n f l i c t s  between present r e s u l t s  and published experi-  

mental data  are i n  our high trapping p robab i l i t y  f o r  heavy gases 

a t  lower incident  energy, and the  width of t h e  sca t t e r ing  pa t te rns  

fo r  t h e  few questionable cases t h a t  can be compared d i r e c t l y .  It 

cannot now be es tab l i shed  whether w e  have an incor rec t  f ea tu re  i n  

our model, are using binding energies t h a t  are much too large,  or  

have drawn misleading inferences from the  experiments. A t  present,  

the second of these appears  most l i k e l y .  We do f ind  several t rends 

confirmed i n  the  experiments. A t  low Ei t he  thermal s ca t t e r ing  

mechanism i s  the  dominant one, giving broader and more normal e x i t  

d i s t r i b u t i o n s  as Tw/Ti increases .  A t  Ti < Tw the  p a r t i c l e s  

emitted i n  the  more normal direct ions tend t o  acquire  g rea t e r  en- 

e rg i e s  than those nearer t he  surface.  Out-of-plane sca t t e r ing  

general ly  tends t o  r e f l e c t  the  character  of the  in-plane sca t t e r ing .  

Sca t te r ing  maxima can occur e i t h e r  above o r  below t h e  specular ray, 

usua l ly  lying c loser  t o  t h e  surface (i.e.,  supraspecular) f o r  Eil  s 

t h a t  a r e  l a rge  compared t o  w a l l  thermal energy, but not  so la rge  

as t o  allow the atoms t o  penetrate deeply i n t o  t h e  repuls ive  por- 

t i o n  of t he  la t t i ce  atom potent ia l  f i e l d .  

W e  a l s o  f ind  several trends t h a t  a r e  outs ide the  access ib le  

range of ex i s t ing  experiments. Sca t te r ing  by the  l a t t i ce  s t ruc ture ,  
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i n  which the  d i s t r i b u t i o n s  become more broadly dispersed and move 

in-  s l i g h t l y  more toward the  normal, becomes important a s  

creases t o  values very l a r g e  compared with E cos 8 . For in -  

stance,  a t  about 8 e V  incident energy and 130" incidence, a 

Ei 

i 

N e  atom should penet ra te  the Ag po ten t i a l  f i e l d  t o  about the 

point  where the  e f f e c t i v e  a t o m i c  diameter i s  equal t o  the  apparent 

where 2 d i s  the  u n i t  cube edge) i' g r i d  spacing 

of the  f cc  (111) la t t ice .  The atomic configuration should then 

(0 d cos 0 

a p p e a r  q u i t e  rough. This condition corresponds roughly t o  the  

h ighes t  energy t r i e d  he re in  (44,800"K). W e  f e e l  s t r u c t u r e  sca t -  

t e r i n g  i s  s i g n i f i c a n t  f o r  He a t  a l l  energies t e s t ed ,  f o r  N e  

above about 5000"K, and for  A r  and la rger  atoms only a t  very 

l a r g e  energies .  Note t h a t  the few cases run with H e  and A r  

confirm t h i s  expectation, with H e  lying more below the specular 

( i . e . ,  toward the  normal), w h i l e  A r  l i es  more above the  specular 

r e l a t i v e  t o  N e  a t  s i m i l a r  energies ( c f .  Fig.  1 3 ) .  This trend i s  

opposite t o  what would be shown i f  thermal s c a t t e r i n g  were domi- 

nant ,8but  i s  the  same as tha t  of Goodman5 for very high E . i 
Another f ea tu re  t h a t  i s  outs ide current  experimental experi-  

ence is  the  frequent occurrence of m u l t i p l e  peaks i n  the  f lux  p a t -  

t e r n s .  Some of these  may be products of t he  s t a t i s t i c a l  m.t'iod 

but most f a l l  i n t o  a consis tent  pa t t e rn  t h a t  s t rongly  indicates  a 

l eg i t ima te  phenomenon. This phenomenon appears  related t o  s t ruc -  

t u r e  s c a t t e r i n g  s ince  i t  occurs again a t  very l o w  with He Ei 
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and i s  t o t a l l y  absent i n  our sparse data  f o r  A r ,  even a t  very 

high Ei. 

t he  (lll), and can be produced with a constant azimuth angle i n  

Multiple peaks occur on the  (100) surface as w e l l  a s  on 

the  input  (see Fig.  1 2 ) .  The a n a l y t i c a l  model t h a t  should bes t  

show t h i s  behavior i s  Erofeevls, but our numerical evaluat ions of 6 

h i s  theory do not r e f l e c t  t h i s  behavior. I f  mult iple  s c a t t e r i n g  

i s  a genuine physical r a t h e r  than a merely s t a t i s t i c a l  e f f e c t ,  it 

r equ i r e s  a more complex geometry than t h a t  incorporated i n  the  

Erofeev theory t o  d isp lay  it .  

Final ly ,  it i s  encouraging t o  theore t ic ians  t o  note  t h a t  t he  

cases t e s t e d  a t  high Ei 

hard-sphere mechanics. 

show a s c a t t e r i n g  s t rongly  suggestive of 

The energy change c o r r e l a t e s  w e l l  with the  

angle  through which the  gas p a r t i c l e  has been def lected,  regardless  

of how f a r  out-of-plane t h e  f i n a l  path. This i nd ica t e s  c o l l i s i o n  

t i m e s  t h a t  are very b r i e f  compared t o  o s c i l l a t o r  n a t u r a l  periods 

and f u r t h e r  subs t an t i a t e s  the  hard-sphere l i m i t  behavior in fer red  

a p r i o r i  by many authors,  and by the au thor ' s  ana lys i s  

energy exchange. Goodman's calculat ions show t h i s  behavior c l ea r ly .  

4 of average 

5 
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Atoms ShoNvn For 
FCC Structure 
W = 9 , D = 2  

Block Imbedded ’ ~ ’ = i n  Semi-cc I S t r u c t u r e  I 

Fig.  1 Coordinate System and Lat t ice  Atom Configuration 
f o r  Trajectory Calculations.  Output angle cp i s  
r e fe r r ed  t o  plane of incidence. 
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